Abstract-In this paper, a cognitive machine-to-machine (M2M) communication network is considered, in which a cellular network shares the spectrum with the M2M communication network with M machine-type devices (MTDs), one half-duplex relay, and one MTD gateway for data gathering. One key challenge is that in the future 5G wireless networks, there will be billions of those small MTDs, and therefore, a MTD selection protocol is required for managing data transmission between MTDs. A joint buffer-aided MTD selection and power allocation protocol is proposed to maximize the MTDs' sum-rate provided that the induced interference to the cellular network is limited. In particular, in the proposed scheme, at each time slot and each subcarrier, the cognitive M2M network optimally decides on whether to be silent or to select either the relay or one of the MTDs for data transmission. To this end, for each MTD, there exists a buffer at the relay to avoid data loss. The closed-form expressions for the power coefficients of MTDs are calculated. Simulation results show that the proposed policy improves the sum-rate of the MTDs in comparison with the other proposed schemes for M2M communication without buffer.
M2M (CM2M) has been recently proposed to defeat the lack of the radio spectrum resources. One way to incorporate M2M communication is in a cognitive manner such that the cellular network owns the spectrum and shares it with the MTDs [4] . Applying cognitive methods to M2M communication networks is a promising approach [5] . In particular, in [6] , an extensive survey is done to discuss how cognitive radio mechanisms are exploited in M2M environments. In [3] , a cognitive and opportunistic relay policy is introduced for CM2M network in order to sense the spectrum used by a cellular network, to cancel the interference, and to apply opportunistic relay selection. In [7] , a new medium access control protocol, called data aided cognitive technique, is proposed for the CM2M network in order to improve the sum-rate of the MTDs while the overall delay of system is managed.
The main contribution of this paper is to propose a novel joint buffer-aided MTD selection and power allocation policy for MTDs in a capillary CM2M network. At each time slot, according to the instantaneous or statistical channel state information (CSI) of the involved links, the CM2M network optimally decides to be silent or to select either the relay or one of the MTDs such that the data transmission of the cellular network and MTDs become error-free. For a successful data transmission in the cellular network, the interference of the MTDs at the base station must remain below a predefined threshold. In addition, due to the low data transmission rate of the MTDs and unknown instantaneous CSI of the interfering links (I-CSI-I) from the cellular network to the CM2M network, the induced interference of the user equipments (UEs) to the MTDs is treated as noise. Furthermore, in the proposed power allocation policy, the closed-form expressions for the power coefficients of MTDs are calculated. Simulation results assess the performance of the proposed policy, in terms of the sum-rate of MTDs and the power budget for different CSI and buffer assumptions.
II. SYSTEM MODEL
Consider a cellular network which consists of N UEs and a single base station. Underlaid on this network, we consider an M2M system composed of M MTDs, a half-duplex relay, and an MTD gateway for data aggregation. There exist no direct links between the MTDs and the MTD gateway, and data of MTDs is transmitted only via the relay. The considered network architecture mimics a capillary network, in which the basic premise is to keep the M2M data communication autonomous from the cellular network. Here, as is proposed for the emerging cellular networks such as 5G, by using a non-orthogonal multiple access (NOMA) procedure, some UEs are transmitting simultaneously in each subcarrier [8] . The total number of subcarriers in the cellular network is L. Fig. 1 illustrates the main and interference links in the proposed system model. In this model, time is divided into equal length slots, and all channels experience zero-mean additive white Gaussian noise (AWGN) with unit variance and flat block fading. Therefore, the fading coefficients are constant in each time slot and vary from one time slot to another. In order to store the incoming data from MTDs, the relay is equipped with M infinite-size buffers. However, in Section IV, the effect of limited buffer size on the MTDs' sum-rate will be studied. The amount of the normalized information (bits/symbol) stored in the j-th buffer of the relay at the i-th time slot is denoted by Q j (i). At the relay, the incoming information from the MTDs is decoded, stored in the related buffer, and finally transmitted to the MTD gateway.
In the i-th time slot and l-th subcarrier, the channel coefficients between the j-th MTD and the relay, between the relay and the MTD gateway, between the j-th UE and the relay, and between the j-th UE and the MTD gateway are denoted by h
, and g l pj (i) represent the channel coefficients between the j-th MTD and the base station, between the relay and the base station, and between the j-th UE and base station, respectively. We assume that the channel coefficients are stationary and ergodic stochastic processes. The transmit power of the j-th UE is denoted by P l pj (i), and furthermore, we let P l sj (i) and P l sM +1 (i) denote the transmit power of j-th MTD and relay in the i-th time slot and lth subcarrier, respectively.P sj is the average transmit power of the j-th MTD.P int and P l int (i) represent the average and instantaneous interference power at the base station in the i-th time slot and the l-th subcarrier.
In this model, instantaneous CSI of the links in the CM2M network is assumed to be available. To this end, the MTD gateway as well as each MTD will transmit pilot signals to the relay and at the relay the channel estimation scheme is applied. In addition, for the interference links from the UEs to the MTDs, I-CSI-I is not known. For CSI of interference links from the MTDs to the UEs, two cases are considered: known I-CSI-I and only the statistical CSI of the interference channels (S-CSI-I) is available. In the proposed protocol, the relay and the MTD gateway treat the interference of the UEs as noise. Assume that for l-th subcarrier, u l UEs are transmitting toward the base station concurrently. For the i-th time slot and the l-th subcarrier, let C l jr (i) and C l rd (i) denote the maximum transmission rates from j-th MTD to the relay and from the relay to the MTD gateway, respectively. Hence, C l jr (i) for j ∈ {1, ..., M }, and l ∈ {1, ..., L} and C l rd (i) are obtained as
Our goal is to select the state of the CM2M network in each time slot and each subcarrier either to be silent or to transmit data. If at a given time slot and subcarrier, CM2M network decides to transmit data, the proposed policy selects either one of the MTDs or the relay for data transmission and allocates its transmit power such that the sum-rate of MTDs is maximized subject to a maximum allowable interference of MTDs at the base station. For this purpose, selection variables q 
.., L}, the relay is silent in time slot i and l-th subcarrier. In addition, due to the half-duplex constraint, 
III. JOINT MTD SELECTION AND POWER ALLOCATION
In this section, after studying the achievable average sumrate and the power of the MTDs' interference at the base station, the optimization problem for the MTDs' sum-rate maximization is formulated and solved. In particular, we introduce a joint buffer-aided MTD selection and power allocation protocol as a solution of this problem.
A. Achievable Average Sum-Rate
In this paper, we assume that MTDs always have data to transmit and the number of time slots, N , tends to infinity. Hence, the average transmission rates of the j-th MTD to the relay, the j-th buffer of relay to the MTD gateway, and the relay to the MTD gateway, denoted byR jr ,R jrd , andR rd , respectively, are as follows
Assuming availability of enough information in the buffers, the average processing rate of the j-th buffer of the relay is
For rate stability of an infinite-size buffer, the average input rate should be equal to the average processing rate, i.e.,R jr = R * jrd [9] . Therefore,R jrd =R * jrd is also valid, see [10] for a proof. The instantaneous interference (I-INT) power of MTDs at the base station can be written as
The average interference (A-INT) power of MTDs for I-CSI-I and S-CSI-I assumptions arē
, ..., M + 1}, and E{·} denotes expectation.
B. Optimal MTD Selection Protocol
The sum-rate of MTDs can be maximized by solving the below optimization problem (11) and (12), respectively.
Proof: Please refer to Appendix A. 
Similarly, the transmit power of the relay in the i-th time slot and l-th subcarrier, i.e., P l sM +1 (i) is given by
where j is in the interval of 1 ≤ j ≤ M such that g l M +j = 1 holds.
Proof: Please refer to Appendix B. For A-INT case with I-CSI-I and S-CSI-I knowledge, constants (μ, λ 1 , ..., λ M , γ) and (μ,λ 1 , ...,λ M ,γ) can be obtained by a M + 2-dimensional search such that conditions C1, C2, and C5 in (9) are satisfied. Similarly, for I-INT case, constants  (λ 1 , ...,λ M ,γ) are achieved by a M + 1-dimensional search such that conditions C2 and C5 in (9) are met. By using the proposed buffer-aided MTD selection scheme in (10), in each time slot and each subcarrier, CM2M network decides optimally to be silent or to transmit data. If CM2M network decides to transmit data, a transmitter node with maximum transmission rate (either one of the MTDs or the relay) is selected for data transmission. Therefore, the sum-rate of MTDs is maximized while the induced interference of MTDs to the base station is limited.
IV. SIMULATION RESULTS AND ANALYSIS
In this section, we assess the proposed policy in terms of the sum-rate MTDs and the MTDs' power budget through simulations. There exist 15 MTDs in the CM2M network and we assume Rayleigh block fading. We assume that
e., the CM2M network has smaller size in comparison with the cellular network. In this section, for investigating the limited buffer size effect, we assume that the size of the buffer equals to ten times of the maximum MTDs' sum-rate obtained with the proposed policy for the infinite buffer size.
In Fig. 2 , the MTDs' sum-rate of our introduced scheme for I-CSI-I case with infinite and limited buffer size, the proposed protocols in [2] , [3] , and [7] are shown versus the number of MTDs, M . As can be seen from Fig. 2 , increasing the number of MTDs results in enhancement of the degrees of freedom which causes improvement of the MTDs' sum-rate. In Fig. 2 , the proposed buffer-aided MTD selection policy with the A-INT power condition, infinite buffer size, and I-CSI-I knowledge has the largest MTDs' sum-rate among all the other schemes. Fig. 3 illustrates the MTDs' sum-rate of our proposed protocol, the proposed policies in [2] , [3] , and [7] versus the MTDs' power budget, P t , for a CM2M with 15 MTDs. As this figure shows, by increasing the MTDs' power budget, the MTDs' sum-rate is enhanced. Furthermore, due to the MTDs' power allocation, our proposed policy outperforms other schemes in terms of the MTDs' sum-rate. in (9) is an integer program which is classified as a nondeterministic polynomial-time hard problem. Thus, the binary constraint q
Nevertheless, because the relaxed problem is a linear programming problem in terms of q l j (i), the optimal solution can be obtained at the intersection of the feasible hyperplanes, i.e., q l j (i) = 0 or q l j (i) = 1. Therefore, the optimal solution of the optimization problem is not influenced by the relaxation. For the relaxed linear program, the Karush-Kuhn-Tucker (KKT) conditions are both necessary and sufficient conditions, and therefore, the optimal solution can be achieved from the KKT conditions. In the following, the KKT conditions for the relaxed optimization problem are studied.
The Lagrangian function for the relaxed optimization problem is provided as L q 
